We recently purified and cloned the cDNAs for the murine and p145. Based on these findings, a purification protocol was human forms of a novel 145 kDa inositol polyphosphate 5-devised for p145 that involved GST-Grb2-C-SH3 affinity chro- independently cloned and sequenced the same protein using a yeast two-hybrid system based on its affinity for the PTB Introduction domain of Shc. To determine if p145 was indeed a 5-ptase, we carried out various 5-ptase assays in collaboration with Research from both our laboratory and others has shown that Drs AB Jefferson and P Majerus (Washington University activation of many cytokine receptors, as well as B and T cells
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School of Medicine) and demonstrated that this protein was receptors, leads to the tyrosine phosphorylation of Shc and its unique in its substrate specificity, hydrolyzing only phosphatiassociation with both Grb2-Sos1 complexes and with a tyrodylinositol 3,4,5-trisphosphate (PI-3,4,5-P 3 ) and inositol sine phosphorylated 145 kDa protein. [1] [2] [3] [4] [5] [6] [7] [8] [9] This 145 kDa protein 1,3,4,5-tetraphosphate (I-1,3,4,5-P 4 ). 10 Based on its sequence (p145) did not appear to be immunologically related to any and its demonstrated enzymatic activity we and Dr Larry known signalling intermediate. 3 Moreover, since we found Rohrschneider's group 11 agreed to name this protein SHIP for that (1) it could bind to the tyrosine phosphorylated form of SH2-containing inositol phosphatase. Shc in its non-tyrosine phosphorylated state, (2) it did not Since SHIP appeared as a 145/135 kDa doublet in bind, in vitro, to the SH2 domain of Shc, (3) it was not present B6SUtA 1 10 and 32D-Fms 11 cells (but not in all the hemopoin anti-Grb2 immunoprecipitates and (4) a phosphopeptide ietic cell lines investigated, unpublished), we set out to examwhich blocks the binding of Shc to the SH2 domain of Grb2 ine the relatedness of the two bands using both antibodies we also blocked the binding of Shc to p145, we tentatively congenerated to various regions of SHIP and by expressing a SHIP cluded that p145 contained an SH2 domain and competed cDNA containing a hemagglutinin (HA)-tag at its 5′ end. with Grb2 for the same tyrosine phosphorylated site, ie pY 317 ,
Results from these studies suggested that the 135 kDa band on Shc.
3 This implicated p145 as a potential regulator of Ras (as well as lower molecular weight 125 and 110 kDa bands) activity and, perhaps, of other as yet unidentified functions of was generated by specific C-terminal truncation of the Shc and so we set out to purify and characterize it further. 145 kDa protein.
We then cloned the human homologue of murine SHIP from a human megakaryocytic cell line (MO7e) gt11 cDNA Purification and cloning of SHIP library using two non-overlapping murine SHIP cDNA fragments as probes. 12 Sequence analysis of the cDNA predicted Initial attempts to purify p145 based on affinity chromatograa protein of 1188 amino acids exhibiting 87.2% overall phy with anti-phosphotyrosine antibodies or tyrosine phossequence identity with murine SHIP. Fluorescence in situ phorylated Shc peptides proved impractical because of low hybridization, using the full-length human SHIP cDNA as a yields. Serendipitously, however, in independent studies probe, mapped human SHIP to the long arm of chromosome aimed at identifying proteins that bound to the SH3 domains 2 at the border between 2q36 and 2q37. 12 Interestingly, braof Grb2, we found that a tyrosine phosphorylated 145 kDa chydactyly mental retardation syndrome (BMDR), which is protein from cytokine-stimulated murine hemopoietic cells characterized by a combination of mental retardation and the bound specifically to the C-terminal SH3 domain of Grb2. 10 shortening of either the metacarpals or phalanges of the hands Subsequent studies confirmed this was the Shc-associated or of the equivalent bones in the feet, also maps to this location on chromosome 2. 13 The gene or genes involved in BMDR have not been identified and the close proximity of recent discovery that disruption of another inositol 5-ptase, DA-ER. While the HA-WT-SHIP became tyrosine phosphorylated and bound to Shc following IL-3 stimulation, the HA-OCLR-1, leads to Lowe's oculocerebrorenal syndrome, which is also characterized, in part, by mental retardation. 14, 15 ⌬SH2-SHIP did not. 17 Intriguingly, we found that IL-3 stimulated a slight increase in the membrane association of HA-WT-SHIP but no such association was detectable with HA-⌬SH2-SHIP (Liu et al, manuscript in preparation). These Interaction of SHIP with Shc results suggested that the SH2 domain of SHIP plays a critical role in the association of SHIP with Shc and with SHIP's Interestingly, SHIP's activity did not change following cytokine stimulation, 10 suggesting perhaps that its cytokineassociation with the membrane fraction in hemopoietic cells. As previously mentioned, it appears that SHIP's SH2 induced association with Shc might be critical to its downstream effects. We were therefore very interested in examining domain is essential for the tyrosine phosphorylation of SHIP itself. This suggests that SHIP's SH2 domain may play a role how SHIP bound to Shc and in determining what the downstream consequences of preventing this interaction might be.
either in SHIP's binding to a tyrosine kinase (directly or through its interaction with Shc) or in its translocation to a As mentioned above, we had found, prior to cloning SHIP, that a phosphopeptide corresponding to the pY 317 XN motif tyrosine kinase. Related to this, it has been reported that IL-3 stimulates not only the activation of the IL-3R-associated tyrowithin Shc (which blocks the binding of Shc to the SH2 domain of Grb2) also blocked the binding of Shc to p145. We therefore examined the role of the SH2 domain of SHIP in this interaction in more detail and found, from both in vitro and in vivo studies, that the SH2 domain of SHIP interacted SHIP's potential role in cell proliferation, differentiation and apoptosis specifically with the pY 317 motif of Shc and was required for Shc association in vivo. 17 Moreover, it appeared that in vivo the SH2 and NPXpY motifs of SHIP acted together, with the SHIP is a unique protein in many ways. With its multiple protein-protein interaction domains, its demonstrated ability to pY 317 and PTB domains of Shc, respectively, to ensure a high affinity SHIP/Shc complex (see Figure 1) . Real time biospecific bind to the tyrosine phosphorylated form of Shc and its PI-3,4,5-P 3 and I-1,3,4,5-P 4 specific hydrolyzing activities, it has interaction analysis (BIAcore) suggested that SHIP's SH2 domain had an approximate K d of 290 nm for the pY 317 motif the potential to play a significant role in regulating the changes in the levels of these two polyphosphate inositols that of Shc, in keeping with other specific SH2/pY interactions. 18 Interestingly, although we used the C-terminal SH3 domain are observed in response to cytokine stimulation. 25 This in turn could modulate several intracellular pathways. For of Grb2 to purify SHIP, 10 we were consistently unable to detect Grb2 in our anti-SHIP immunoprecipitates example, the activity of protein kinase B/Akt 26,27 has recently been shown to be markedly increased upon binding PI-3,4-(unpublished) or SHIP in our anti-Grb2 immunoprecipitates 3 from B6SUtA 1 , DA-3 or Ba/F3 cell lysates. We therefore con-P 2 . Binding to PI-3,4,5-P 3 , on the other hand, decreased its activity. 28 Activation of this protein kinase, in turn, has been cluded that distinct SHIP/Shc and Grb2/Shc complexes existed in vivo and that SHIP could potentially compete with Grb2
shown to activate p70 S6 kinase (p70
S6K
). 26 As well, the activity of various calcium-independent protein kinase C famfor Shc. These findings were at odds with those of Lioubin et al, 4,11 Lanfrancone et al 9 and Saxton et al 7 who found that ily members has been shown to be increased by binding to either Pi-3,4,5-P 3 and PI-3,4-P 2 , 29 with the latter being more SHIP/Grb2 complexes existed in vivo following CSF-1 stimulation of FD-Fms cells, GM-CSF stimulation of TF-1 cells and potent. 28 Moreover, the entry of extracellular calcium has very recently been shown to be dramatically increased by intra-B cell receptor cross-linking of B lymphocytes, respectively. This apparent discrepancy could be due to the activation of cellular I-1,3,4,5-P 4 via the latter's interaction with GAP1 IP4BP , a putative IP 4 binding protein located at the plasma memdifferent tyrosine kinases in different cell types (for example, the CSF-1 receptor itself in FD-Fms cells and Syk in activated brane. 30, 31 Lastly, since SHIP can potentially compete with Grb2 for binding to the activated form of Shc 3,17 it could B cells 19 ). Related to this, SHIP contains a YXN sequence, ie, RNQNY 558 MN, that is theoretically capable, in its tyrosine down-modulate the Ras pathway as well (see Figure 1) . However, it is likely that other 5-ptases play a role in regulating phosphorylated form, of binding to Grb2 via the latter's SH2 domain, and it is possible that this phosphorylation event these activities as well, especially PI-3 kinase-mediated pathways, since Mitchell's group 32 has recently shown that a PIoccurs in CSF-1-stimulated FD-Fms, GM-CSF-stimulated TF-1 and B cell receptor cross-linked B cells but not in the cells 3,4,5-P 3 specific 5-ptase is constitutively associated with PI-3 kinase in platelets and we have observed a similar 5-ptase in we have examined.
To examine the importance of SHIP's SH2 domain to downhemopoietic cell lines. 33 Moreover, Kabuyama et al 34 have very recently purified a 120 kDa PI-3,4,5-P 3 hydrolyzing ptase stream events, cDNAs encoding an HA-tagged wild-type (WT) and a mutant ⌬SH2-SHIP protein (lacking a functional SH2 from bovine thymus.
In preliminary studies to investigate the biological role(s) of domain) were expressed in the murine hemopoietic cell line, None the less, NSERC studentship. even at these slightly elevated levels, they observed an inhibition of CSF-1 induced colony size. 11 In our studies with DA-ER cells we found the same slight increase in SHIP signifiReferences cantly increased the rate of apoptosis of these cells at confluence. 17 Mechanistically, this SHIP-induced loss of viability there is evidence that PI 3-K activity prevents apoptosis in cer- 
